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Abstract. Neodymium-doped zinc oxide (NZO) thin ﬁlms were deposited on glass substrates by spray
pyrolysis technique. X-ray diﬀraction patterns have shown that both undoped and Nd-doped ZnO ﬁlms
exhibit the hexagonal wurtzite crystal structure with a preferential orientation along [0 0 2] direction.
The eﬀective doping concentration has been determined by Rutherford backscattering measurements show-
ing that the neodymium is not incorporated easily into ZnO host matrix. The surface roughness was shown
to increase with Nd doping. NZO ﬁlms are highly transparent in the visible region. The lowest electrical
resistivity value of about 4.0 10−2 Ω cm was obtained for 1% Nd eﬀective doping.
1 Introduction
Zinc oxide has attracted signiﬁcant interest because of its
nontoxic character, chemical stability, low cost and poten-
tial applications in many technological ﬁelds [1–6]. ZnO is
known to be an n-type semiconductor with a wide band
gap 3.35 eV at room temperature and a large exciton bind-
ing energy of about 60 meV [7]. Numerous techniques such
as reactive evaporation, sputtering, pulsed laser deposi-
tion, sol-gel and spray pyrolysis were used for the growth
of undoped and doped ZnO thin ﬁlms [8–16]. It is well
established that physical and chemical properties of ZnO
can be largely modiﬁed upon doping [17–21]. Doping ZnO
with rare earth ions was shown to lead to interesting op-
tical and magnetic properties. ZnO ﬁlms doped with Nd
(0.01, 0.1 or 1% Nd) grown on a plane sapphire or fused
silica substrates by pulsed laser deposition [21] showed a
pronounced negative magnetoresistance ratio which was
attributed to a paramagnetic behavior of the Nd3+ ions.
Other authors, such as Ungureanu et al. [22] who reported
the inﬂuence of Nd doping on several properties of NZO
ﬁlms deposited on Si (1 0 0) by spray pyrolysis, showed
that the samples exhibit ferromagnetic properties at room
temperature. More recently, the existence of robust ferro-
magnetic properties associated with a strong anisotropy
was evidenced in NZO nanowires, suggesting that such
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material could be used in spintronic applications [23]. In
all cases the recorded magnetization remained small and
showed ﬁnally the same discrepancies as those reported
in transition metal doped ZnO [24,25]. From the optical
point of view, rare earth ions have always shown an inter-
esting optical activity when used as dopant in oxide ma-
trices. More precisely, such doped oxides can be used as
downshifting and/or conversion layers within photovoltaic
solar cells in order to improve their eﬃciency. Optical mea-
surements have already shown that the near edge band
position of ZnO shifts toward higher wavelengths due to
the substitution of Nd for Zn [23]. It was also suggested
that this shift is related to the annealing temperature and
that smaller shift is obtained at high temperature [26].
For NZO prepared by sol-gel method [27], diﬀerent time
evolutions and decay behaviors of 4F3/2 →4I11/2 of Nd3+
ions were observed by employing time-resolved laser spec-
troscopy, which was attributed to the existence of mul-
tiple luminescence centers of Nd3+ ions with various PL
lifetimes.
In the present work, NZO thin ﬁlms were deposited
on glass substrates by spray pyrolysis technique. The Nd
eﬀect on the structural, optical and electrical properties is
analyzed. The aim of the study is to check the evolution
of the optical properties with the Nd concentration and
its relation to the sample conductivity (i.e., carrier con-
centration and mobility). Diﬀerent Nd concentrations up
to 5% are tested in order to evaluate the solubility limit
of this ion inside the ZnO host lattice.
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2 Experimental details
Undoped and Nd-doped ZnO ﬁlms have been deposited
on glass substrates by spray pyrolysis technique. A homo-
geneous solution was prepared by dissolving zinc chloride
(ZnCl2) (0.05 M) and hexahydrated neodymium chloride
(NdCl3, 6H2O) in distilled water at room temperature.
The solutions have 0, 1, 3 and 5 at.% Nd molar ratio.
Some drops of acetic acid (CH3COOH) have been added
while stirring at room temperature for 30 min to obtain a
clear solution. The glass substrate was cleaned in ethanol,
rinsed in distilled water and subsequently dried under a
nitrogen gas ﬂow before deposition.
The substrate temperature was maintained constant
at 350 ◦C. The structure of the ﬁlms was investigated by
X-ray diﬀraction (XRD) using a X’Pert Pro diﬀractome-
ter with Cu Kα radiation (λ = 1.54056 A˚). Rutherford
backscattering spectrometry, using the 5 MV tandem ac-
celerator of CMAM [28], has been used to determine the
thickness and composition of the samples. A 3.045 MeV
4He+ beam has been used to exploit the resonance with
oxygen occurring at this energy [29]. Backscattered ions
were detected using two surface barrier detectors in the
horizontal plane at 170.5◦ and 165◦. The samples were
tilted by 7◦ with respect to the beam to decrease the
energy straggling. The analysis of chemical composition
along the sample thickness has been done by using simu-
lation with SIMNRA code [30].
Optical transmittance T (λ) and reﬂectance R(λ) were
obtained by means of a Cary 17D double-beam spectro-
photometer. The absorption coeﬃcient of each thin ﬁlm
has been computed using a model where the ﬁlms thick-
ness, the coherent multiple reﬂections in the ﬁlm and the
incoherent reﬂections in the substrate were considered.
Photoluminescence (PL) measurements were also per-
formed in order to have an insight into the ﬁlm defects
and into the possible spectral transitions of Nd3+. For the
PL experiment carried out at room temperature in the
visible range, the 355 nm excitation line of a frequency-
tripled neodymium-doped yttrium aluminum garnet Nd-
YAG laser was used. The electrical properties of the ﬁlms
were studied at room temperature using an Ecopia Hall
eﬀect measurement system.
3 Results and discussion
Figure 1 shows the XRD patterns of undoped and Nd-
doped ZnO thin ﬁlms. All the observed diﬀraction peaks
can be indexed according to the wurtzite structure of ZnO
(JCPDS data [89-1397]). No additional peak correspond-
ing to secondary phases could be observed within the de-
tection limit of the XRD technique. The lattice parame-
ters a and c of the diﬀerent ﬁlms have been determined
using the formula: d(h k l) = a  4
3 (h
2+k2+hk)+2 a
2
c2
. The val-
ues of a and c were found around 0.319 nm and 0.521 nm,
respectively, which is in agreement with the usually pub-
lished values for ZnO. A very small shift, close to the error
bar of the XRD measurements, is observed which suggests
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Fig. 1. XRD patterns of Zn1−x NdxO (x = 0, 0.01, 0.03, 0.05)
thin ﬁlms deposited by spray on glass substrates.
a very small increase of the lattice parameter upon Nd
doping. The average crystallite sizes of the ﬁlms have been
estimated using the Scherrer’s formula: D = 0.89λβ cos θ where
β is the full width at half maximum (FWHM) and λ is the
X-ray wavelength. The crystallite sizes D in ﬁlms were in
the 70–85 nm range, which corresponds to the coherence
length along the growth direction. A close look at Table 1
suggests that the grain size ﬁrst decreases when 1% of Nd
is inserted in the matrix, while for larger concentrations it
increases again at values even larger than those recorded
for the undoped sample. The decrease in the grain size
is often attributed to the fact that impurities constitute
nucleation centers. Moreover, if we keep in mind that the
size of the Nd3+ ion is much larger than that of Zn2+
we can easily understand the observed decrease in grain
size. This is also frequently associated with an increased
concentration of defects in such samples. However, in this
vein, it is more diﬃcult to interpret the increase of the
grain size for Nd concentrations larger to 1%, unless we
assume that the solubility limit for Nd in ZnO is smaller
than 1%. Above this concentration value, it is possible
that the Nd is no more inserted in the matrix but acts
in reducing the interstitial oxygen and leading to the for-
mation of small clusters of Nd2O3, that are too small to
be detected by XRD. This may explain the increase of the
grain size. Note also that for Nd concentration of 1%, Xian
and Li [31] found the best crystalline quality for NZO ﬁlms
obtained by sol-gel method. This suggests that the ﬁnal
properties of the Nd-doped ZnO layers are also strongly
dependent on the preparation technique.
From the values of the grain size D the dislocation
density δ, the number of crystallites per unit surface area
N and the strain ε can be determined using the follow-
ing equations [32]: δ = 1D2 ; N =
t
D3 and ε =
β×cos θ
4
where t is the ﬁlm thickness. The value of dislocation den-
sity δ which represents the amount defects in the ﬁlms
seems constant but is lower than that obtained for ZnO
grown by chemical bath deposition [33]. The texture coeﬃ-
cient (TC), which represents the texture of particular plane,
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Table 1. Composition and structural parameters of NZO thin ﬁlms.
RBS XRD
xnominal xeﬀective t (nm) D (nm) TC(0 0 2) δ (lines μm
−2) N (μm−2) ε (10−4)
0 0 410 ± 40 74 2.9 180 1000 4.7
0.01 0.005 373 ± 35 70 2.7 210 1100 5.0
0.03 0.010 314 ± 30 85 2.8 140 350 4.1
0.05 0.013 285 ± 25 85 3.0 140 300 4.1
was also estimated. The TC value of particular plan is de-
ﬁned by the relation: TC (h k l) = I(h k l)/I0(h k l)N−1N I(h k l)/I0(h k l) ,
where I (h k l) is the measured relative intensity of a
plane (h k l), I0 (h k l) is the standard intensity of the
plane (h k l) taken from JCPDS data [89-1397] and N is
the number of diﬀraction peaks. Its deviation from unity
indicates the possibility of preferential growth along the
[h k l] direction. TC(0 0 2) calculated values (see Tab. 1)
conﬁrm the preferred orientation along the [0 0 2] direc-
tion. For all the samples, TC(0 0 2) remains constant in-
dicating that the insertion of Nd does not modify the ZnO
preferential growth orientation.
Figure 2 shows the experimental RBS spectra at scat-
tering angle of 170.5◦ and 3.045 MeV He+ for Zn1−xNdxO
(x = 0.01, 0.03 and 0.05) thin ﬁlms. The energies of the
He atoms backscattered at the sample surface by the main
elements present at the sample, i.e., O, Si, Zn and Nd,
are indicated by arrows in the ﬁgure while the yield at
lower energies is related to their concentration along the
growth direction. There is also a smaller contribution of
K and Ca from the glass substrate at energies of around
1.7 and 1.8 MeV respectively. The Nd intensity increases
as expected with the nominal Nd concentration. In addi-
tion, both Zn and Nd peaks present a smooth variation in
the lower energy region. This suggests the presence of an
important interface roughness between the ﬁlm and the
substrate with respect to the ﬁlms surfaces, which is still
signiﬁcant as evidenced by the slope of both Zn and Nd
lines in the high energy part. We have also performed the
simulation of the RBS spectra by using SIMNRA code
in terms of diﬀerent layers with gradual composition from
the Zn1−xNdxO thin ﬁlm to the glass substrate. The thick-
ness and the Nd composition of the Zn1−xNdxO thin ﬁlms
estimated by using the areal densities of Zn and Nd in
terms of atoms/cm2 and the mass density of ZnO, i.e.,
5.6 g/cm3, are shown in Table 1. It can be observed that
the Nd concentration estimated by RBS is systematically
lower than the nominal one. The diﬀerence between the
nominal and the real concentration increases with increas-
ing the nominal concentration. This is clearly evidenced in
the inset of Figure 2 where the Nd signal has been ampli-
ﬁed to make the understanding easier for the reader. This
can be explained by the low solubility limit of Nd in ZnO
with respect to the case of Yb as previously observed in
Zn1−xYbxO thin ﬁlms [18]. Indeed, the solubility of Nd3+
ion is expected to be much lower than that of Yb3+, in re-
lation to the ionic radii diﬀerence between these elements
(Nd3+: 0.99 A˚ and Yb3+: 0.87 A˚ [34]).
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Fig. 2. RBS spectra of the Zn1−x NdxO thin ﬁlms deposited
on glass substrate. Inset: RBS spectra of ZnO thin ﬁlm with
its curve simulation.
Figure 3 shows the AFM images of Nd-doped ZnO
ﬁlms. It can be seen that all the samples have uniform
and dense ZnO grains. The surface root mean square (rms)
roughness is around 25 nm for undoped ZnO and increases
with Nd doping to up to values around 40 nm. This is
in agreement with the RBS spectra that showed a non-
negligible slope in the high region part. The increase of
the surface roughness is also compatible with the increase
of the grain size as this has been evidenced in the XRD
measurements.
Figure 4 shows T (λ) and R(λ) spectra of NZO thin
ﬁlms and the glass substrate transmittance. The ﬁlms were
highly transparent and the transmittance decreases when
Nd doping increases. The absence of interference fringes in
T (λ) and R(λ) spectra is related to the diﬀusion phenom-
enon, in agreement with the small grain size and the ob-
served roughness. Qualitatively, it can be easily observed
that the band gap changes upon Nd doping. In order to
have more precise estimations on the gap value, the plots
of (αhυ)2 versus hυ are reported in Figure 5 for various
Nd-doped ZnO samples. The extrapolation of the linear
portion of the plots onto the energy axis gives the band
gap value. A decrease from 3.22 eV down to 3.14 eV is
observed when increasing the Nd concentration up to 5%.
This is probably due to increase of Nd defects in the ZnO
upon doping. According to Zheng et al. [35] Nd 4f electrons
10304-p3
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(a)
(b)
Fig. 3. AFM images of Zn1−x NdxO thin ﬁlms deposited by
spray on glass substrates: (a) x = 0 and (b) x = 0.05.
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Fig. 4. Transmission and reﬂectance UV-NIR spectra of Zn1−x
NdxO thin ﬁlms deposited by spray on glass substrates.
introduce new states close to the conduction band of ZnO.
A newer LUMO is therefore formed which leads to a reduc-
tion of the band gap. Note that such decrease in the gap is
in agreement with the red shift of the excitonic peak ob-
served in photoluminescence measurements for Nd-doped
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Fig. 5. (αhν)2 versus hν of undoped and Nd-doped ZnO thin
ﬁlms deposited on glass substrate.
ZnO [23,35] and in other transition metal doped ZnO ﬁlms
grown by spray and other techniques [12,36–38].
Photoluminescence spectra, recorded at room temper-
ature for NZO thin ﬁlms, are reported in Figure 6. Except
the laser lines (at 355 nm and its second order at 710 nm),
two main lines are observed on the spectra. The strong lu-
minescence band at 379 nm corresponds to the excitonic
emission, i.e., to the recombination of electron and hole
across the gap of the sample. The second order of this
PL band is visible at 760 nm. As explained above, a small
red shift is observed when increasing the Nd concentra-
tion. The second line is a wide PL band between 510 and
680 nm, characteristic of deep levels of oxygen vacancies
in the ZnO matrix and zinc or oxygen atoms in interstitial
position [39]. It is important to point out that in the doped
samples this line is almost absent which suggests that, the
increase of the Nd concentration leads to a reduction of
radiative defects like oxygen vacancies or interstitial. This
is in agreement with XRD analysis. Note that such heal-
ing of the ZnO native defects strongly depends on the na-
ture of the doping ion. Indeed this phenomenon is almost
absent in Yb-doped ZnO thin ﬁlms grown by the same
deposition technique [18]. No emission from Nd3+ ions is
observed in the 400–1000 nm wavelength range indicating
that there is no energy transfer from ZnO into Nd3+ ions
in our samples.
For NZO thin ﬁlms, carriers originate from both intrin-
sic donors such as lattice defects (oxygen vacancies and
metal atoms in interstitial positions) and extrinsic doping
due to the substitution of Nd for Zn in ZnO
matrix. One hole will be produced for every Zn2+ sub-
stitution by Nd3+, which will contribute to the electric
conduction of the ﬁlms as free carriers. Therefore, NZO
ﬁlms are expected to present a lower conductivity due
to the compensation of the n-type carriers naturally pre-
sented in undoped ZnO with the holes introduced by the
Nd3+ dopant. This is in agreement with the increase of
the resistivity (decrease of the carrier concentration) when
doping ZnO with 1% of Nd (Tab. 2). For larger Nd con-
centrations, the resistivity decreases again and the n-type
character is reinforced (increase of the carrier concentra-
tion). This suggests that further doping does not lead to
10304-p4
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Fig. 6. Photoluminescence at room temperature in the visible
region of Zn1−x NdxO thin ﬁlms deposited on glass substrate.
Table 2. Electrical parameters of NZO thin ﬁlms.
Hall eﬀect
xnominal N (10
20 cm−3) ρ (Ω cm) μ (cm2/V s)
0 0.13 0.70 0.68
0.01 0.10 1.44 0.42
0.03 1.87 0.04 0.90
0.05 7.41 0.03 0.25
an increase of Nd ions in substitution of the Zn ions, but
to the appearance of new defects (not necessarily opti-
cally active) and to spurious phases (such as Nd2O3 which
was reported in highly doped ZnO samples [35] that in-
crease further the n-type conduction. These results are in
agreement with both XRD and photoluminescence results.
A synthesis of the Hall eﬀect results is presented in
Table 2 where the best values of electrical resistivity and
carriers mobility are about 4.0 10−2 Ω cm and
0.90 cm2/V s respectively obtained for 1% eﬀective (3%
nominal) Nd doping. Such results are in agreement with
those recently reported in Nd-doped SnO2 thin ﬁlms [40].
4 Conclusion
We have succeeded to grow polycrystalline Zn1−xNdxO
ﬁlms by pyrolysis technique. The structure of the ﬁlms
is not sensitively modiﬁed by incorporation of Nd. From
RBS measurements, it is found that the neodymium is
not homogeneously distributed in the whole ZnO matrix.
X-ray diﬀraction and optical measurements suggested that
the Nd solubility is small. The photoluminescence mea-
surement has showed a decrease in the band gap with Nd
doping but no emission in the visible range due to Nd ions.
The ﬁlms were highly transparent and the lowest elec-
trical resistivity was around 4.0 10−2 Ω cm obtained for
1% eﬀective doping.
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